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I.  Objective 

The  research  project  has  been  focusing  on  investigation  and  development  of  (a)  new 
nanofabrication  technologies,  (b)  quantum  effects  and  Coulomb  blockage  effects  in  nanodevices, 
and  (c)  ultra-fast  photodetectors. 

II.  Summary  of  Major  Accomplishments 

The  research  project,  which  covers  the  period  from  May  1,  1992  to  Oct.  1,  1995,  has 
achieved  six  significant  results:  (1)  fabrication  of  10  nm  Si  pillars  array  and  the  first  observation  of 
photoluminescence  from  the  Si  pillar  array  fabricated  by  nanolithography;  (2)  a  new  MSM 
photodetector  structure  that  can  achieve  140  GHz  in  Si  ~  the  fastest  photodetectors  in  crystal  Si. 
(3)  proposal  and  demonstration  of  a  new  planar  field-induced  quantum  dot  transistor,  and 
observation  of  interplay  of  quantum  effects  and  Coulomb  effects;  (4)  the  first  observation  of  bias- 
induced  resonant  tunneling  peak  splitting  in  a  quantum  dot;  (5)  demonstration  of  a  new  quantum 
wave  bandstop  filters,  and  (6)  demonstration  of  silicon  single  electron  and  single  Hole  Quantum- 
dot  transistors  that  have  operation  temperature  above  lOOK.  We  will  briefly  describe  these  results 
in  the  following.  For  more  details,  please  see  enclosed  reprints  and  references. 

2.1.  Fabrication  of  10  nm  Si  Pillars  Using  e-beam  and  RIE  and  PL  Investigations 

We  fabricated  free-standing  Si  pillars  with  diameters  of  ~10  nm  and  aspect  ratios  greater  than 
15  and  investigated  their  photoluminescence  [3,8].  The  pillars  were  fabricated  using  electron  beam 
lithography,  chlorine  based  reactive  ion  etching,  and  subsequent  HF  wet  etching.  Using  HF 
etching  offers  several  advantages:  (a)  it  is  relatively  independent  of  stress  and  therefore  preserves 
the  original  shape  of  the  structure;  (b)  it  is  a  room  temperature  process;  (c)  it  has  a  very  controllable 
etch  rate,  -1.9  nm/hr;  and  (d)  it  can  remove  RIE  damage  and  passivate  the  Si  surface. 
Photoluminescence  with  a  peak  at  720  nm  was  repeatedly  observed  from  an  array  of  nanoscale 
pillars  with  -  20  nm  diameters.  This  is  the  first  report  on  observation  of  photoluminescence  from 
lithographically  fabricated  Si  nanopillars,  yet  the  cause  of  such  PL  is  still  unclear. 

2.2  140  GHz  MSM  Photodetectors  in  Si 

Previously,  we  have  reported  metal-semiconductor-metal  photodetectors  (MSMPD’s)  in  low- 
temperature-grown  GaAs  with  a  response  time  of  0.87  ps  and  a  3-dB  bandwidth  of  510  GHz,  as 
well  as  MSMPD’s  in  bulk  Si  with  3.7  ps  and  1 10  GHz.  However,  the  response  of  Si  MSMPD’s 
is  wavelength  dependent  and  the  fast  response  was  achieved  only  at  short  wavelengths  (~  400  nm). 
At  long  wavelengths,  such  as  that  of  GaAs  lasers  (~  800  nm),  their  bandwidth  dropped  to  -  40 
GHz.  This  is  because  that  it  will  take  a  long  time  to  collect  the  photo-generated  carriers  that  are 
deep  inside  the  semiconductor.  This  wavelength  dependence  in  response  and  the  slow  speed  at 
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long  wavelengths  impose  serious  limitations  to  Si  detectors’  application.  To  solve  this  problem, 
we  fabricated  high-speed  MSMPD’s  in  thin  silicon-on-insulator  (SOI)  substrates.  The  thickness  of 
the  thin  Si  is  much  less  than  the  light  penetration  depth  in  Si;  the  buried  oxide  acts  as  a  barrier  to 
cut  off  carriers  generated  deep  inside  of  the  semiconductor  substrate.  Therefore,  the  detector  speed 
becomes  not  only  faster,  but  also  independent  of  light  wavelength.  Our  measurements  showed  that 
the  detectors  with  100  nm  finger  spacing  and  1(X)  nm  top  Si  thickness  have  a  response  time  of  3.2 
ps  and  a  bandwidth  of  140  GHz,  and  the  detector’s  speed  is  independent  of  the  laser  wavelength 
[4, 10].  This  is,  to  our  knowledge,  the  fastest  photodetector  on  crystalline  Si  material. 

2.3.  New  Planar  Field-induced  Quantum-dot  Transistor  and  Observation  of  Interplay  of  Quantum 
Effects  and  Coulomb  effects 

We  proposed  and  demonstrated  a  new  field-induced  quantum  dot  transistor  that  has  a  nanoscale 
dot-gate  inside  the  gap  of  a  split-gate  [7].  Because  of  the  novel  stmcture  and  small  dot  size,  strong 
oscillations  in  the  drain  current  as  a  function  of  the  gate  bias  were  observed  at  temperature  up  to 
4.2  K  or  with  a  drain  bias  up  to  5  mV.  Temperature  dependent  study  showed  that  the  energy  gaps 
in  the  dot  are  as  large  as  4.5  meV.  Simulation  indicates  that,  in  the  device,  quantum  size  effect  and 
Coulomb  effect  are  comparable;  both  contribute  significantly  to  the  energy  gaps  in  the  quantum 
dot.  The  new  quantum-dot  transistor  has  a  nanoscale  dot-gate  placed  inside  the  gap  of  a  split-gate 
on  top  of  a  heterostructure  ).  The  dot-gate,  which  consists  of  a  dot  at  the  middle  of  a  wire,  is 
positively  biased  to  induce  a  quantum  dot  and  two  one-dimensional  wires  at  the  heterostructure 
interface.  The  wires  connect  the  dot  to  the  two-dimensional  electron  gas  at  the  source  and  the 
drain.  The  split-gate  is  negatively  biased  to  change  the  number  of  electrons  inside  the  dot  and  to 
make  the  confinement  potential  stronger.  For  a  given  positive  dot-gate  bias,  the  electric  field 
beneath  the  dot  is  larger  than  that  beneath  the  wires,  therefore  the  conduction  band  edge  under  the 
dot  is  lower  than  that  under  the  wires,  creating  a  quantum  dot  attached  to  two  wires. 

2.4.  Observation  of  Bias-Induced  Resonant  Tunneling  Peak  Splitting  in  a  Quantum  Dot 

We  have  observed  for  the  first  time  that,  in  a  lateral  confined  quantum  dot,  as  the  gate-voltage 
is  scanned,  a  dc  bias  across  the  quantum  dot  splits  each  resonant  differential  conductance  peak  into 
two  [9].  The  separation  between  the  two  sphtting  peaks  was  found  to  be  nearly  a  linear  function  of 
the  applied  bias,  Vd  .  The  temperature  dependent  study  indicated  that  the  corresponding  energy 
separation  between  the  two  splitting  peaks  is  almost  equal  to  eVp.  This  splitting  can  be  explained 
by  the  bias  induced  shift  of  energy  levels  in  the  quantum  dot  and  the  splitting  of  the  Fenm  level. 
An  analytical  formula  which  describes  the  splitting  has  been  derived  and  is  in  a  good  agreement 
with  experiments.  The  formula  can  provides  unique  information  about  the  energy  states  in  the 
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quantum  dot.  Our  current  work  presents  significant  progress  in  understanding  single  electron 
transistors. 

2.5  Quantum  Wave  Bandstop  Filters 

We  have  proposed  and  demonstrated,  based  on  the  concept  of  a  microwave  bandstop  filter, 
two  quantum  wave  bandstop  filter  structures  [11].  Both  structures  employ  nanoscale  gates  in  a 
heterojunction  transistor  to  induce  a  quantum  cavity  connected  by  two  one-dimensional  wires.  As 
the  electron  wavelength  is  changed  by  the  gate-voltage,  we  observed  that,  at  certain  gate-voltages, 
the  transmission  of  electron  waves  through  the  cavity  is  partially  blocked  and  the  drain  current 
drops  as  large  as  5.0%  .  This  phenomenon  is  explained  in  terms  of  the  destructive  quantum 
interference  between  different  electron  wave  modes  in  the  cavity. 

Because  of  the  similarity  between  electron  waves  in  a  quantum  waveguide  and 
electromagnetic  waves  in  a  microwave  waveguide,  many  microwave  device  concepts  can  be 
instructive  in  engineering  new  high  functionaUty  quanmm  devices.  Previously,  several  strucmres 
based  on  such  analogy  have  been  proposed  and  discussed.  Examples  are  a  stub-tuning  device,  a 
double-bend  quantum  waveguide,  and  a  cavity  coupled  to  two  quantum  waveguides.  However, 
most  of  these  studies  were  limited  to  the  computer  simulations  and  theoretical  analysis. 
Experimentally,  only  in  stub-tuning  devices,  weak  conductance  modulations  as  a  function  of  gate 
voltage  were  observed  and  attributed  to  the  quantum  interference  effect.  Our  current  work  is  the 
first  clear  experiment  in  demonstrate  a  quantum-wave  guide  band-stop  filter. 

2.6  Silicon  Single  Electron  and  Single  Hole  Quantum-dot  Transistors  With  Operation  Temperature 
Above  lOOK 

We  have  proposed  and  demonstrated  silicon  single  electron  and  single  hole  quantum  dot 
transistors  (QDTs)  that  can  operate  at  a  temperature  above  1 10  K  [13-15].  The  QDT  consists  of  a 
silicon  dot  separated  from  the  source  and  the  drain  by  two  constrictions.  The  sihcon  dot  has  a  size 
8  nm  X  30  nm  x  30  nm,  is  surrounded  by  thermal  oxide,  and  has  a  gate  on  top  that  can  change  the 
charge  concentration  inside  the  dot.  Since  the  quantum  dot  has  small  size,  discrete  energy  levels 
will  be  formed.  The  constriction  with  a  size  smaller  than  that  of  the  quantum  dot  create  the 
tunneling  barriers:  one  is  between  the  quantum  dot  and  the  source  and  the  other  is  between  the 
quantum  dot  and  the  drain.  The  source  and  the  drain  were  doped  n-type  for  electron  QDTs  and  p- 
type  for  hole  QDTs.  For  electron  QDTs,  the  gate  and  drain  voltage  are  positive  to  induce  electron 
in  the  quantum  dot  and  to  drive  the  electron  from  the  source  to  the  drain.  For  hole  QDTs,  the  two 
biases  are  reversed. 

The  single-electron  quantum  dot  transistors  show  oscillation  of  the  drain  current  as  a 
function  of  the  gate  voltage  at  temperatures  up  to  170  K  and  drain  biases  up  to  80  mV.  The 
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oscillation  is  due  to  electron  tunneling  through  the  discrete  energy  levels  inside  the  quantum  dot. 
The  average  energy  level  spacing  is  ~  70  meV.  Data  analysis  shows  that  the  discrete  energy  level 
are  caused  by  Coulomb  interactive  as  well  as  quantum  size  effects.  The  single  hole  quantum  dot 
transistors  show  similar  oscillation  up  to  1 10  K  and  drain  biases  up  to  50  mV.  The  average  energy 
level  spacing  is  ~  42  meV. 
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